Abstract. Recent empirical work in numerous systems has demonstrated the interdependence of spatial and temporal accumulation of species in the species-time-area relationship (STAR). The purpose of this study was to develop a process-based stochastic model for the STAR that assumes species neutrality and to compare the model's expectations to data collected on plant species in a tallgrass prairie. We varied two important aspects of the neutral species assemblage: evenness in the species pool and individual replacement rate (R). When R is larger than ;0.5 and evenness is intermediate to high, the neutral STAR generates patterns qualitatively similar to the empirical STAR. Our model also indicates that space and time were not symmetrical in their effects on species accumulation, except in the special case of R ¼ 1.0. We observed both positive and negative time-by-area interactions in the sampling model, which indicates that nonzero interactions are not necessarily evidence of ecological processes. Furthermore, as accumulated richness approaches the size of the species pool, the time-byarea interaction becomes increasingly negative in our model. This suggests that negative timeby-area interactions should be expected a priori in empirical systems if rates of species accumulation decrease due to increasing rarity of unique species. Given the wide range of STARs that the sampling model generated, the difficulty in estimating key parameters, and the complexity of assessing the relative abundance distribution and scale of the species pool, we cannot refute the sampling effect, and we suggest caution in accepting ecologically oriented explanations of empirical STARs.
INTRODUCTION
The species-area relationship (SAR) and the speciestime relationship (STR) were recently unified conceptually and empirically as the species-time-area relationship (STAR) (Adler and Lauenroth 2003 , Adler et al. 2005 , White 2007 ). The basis for this unification was Preston's (1960) conceptual model that both the STR and SAR are driven by analogous sampling, ecological, and evolutionary processes and the empirical finding that the influences of space and time on accumulated richness are not mutually exclusive (Adler et al. 2005) . Specifically, Adler et al. (2005) found that for all data sets they investigated, the slope of the log-log STR, w, decreased as the spatial scale of the sample increased. Simultaneously, the slope of the log-log SAR, z, decreased with increasing temporal scale. The rate at which w changes as a function of log(area) and z changes as a function of1984a, b). The influence of the sampling effect extends easily to samples taken in both space and time (Fisher et al. 1943 , Williams 1943 , Preston 1960 , Brewer and Williamson 1994 , White 2004 . The sampling effect is generally thought to dominate species accumulation at fine temporal and spatial grains although its effect never goes to zero (Preston 1960 , Palmer and van der Maarel 1995 , White 2004 . Ecological explanations for SARs and STRs are not warranted unless the sampling effect can be rejected; therefore, it has played an important role as a null model (Conner and McCoy 1979 , McGuinness 1984a , b, Rosenzweig 1995 , Gotelli and Graves 1996 .
Many authors have modeled the sampling effect for the SAR (e.g., Arrhenius 1921 , Williams 1943 , Coleman 1981 , and recently White (2004) has extended Coleman's (1981) approach to the STR, but none have yet modeled the sampling effect in both space and time on first principles (see Adler et al. [2005] for a randomization approach). If the STAR is to be used to test ecological hypotheses and provide evidence for ecological mechanisms (Adler et al. 2005) , we must develop a more sophisticated understanding of its basic underpinnings, and the sampling effect is a solid starting point. Therefore, the purpose of this study is to derive a model to investigate the behavior of the sampling phase of the STAR and to qualitatively compare the results to an empirical STAR from a tallgrass prairie ecosystem.
SAMPLING EFFECT MODEL

Model assumptions
If the number of species added to a community (by increasing area or time) is driven only by a sampling effect, then the relationship between species and individuals will be solely determined by the distribution of relative abundances in the species pool and will not be related to the environment or intrinsic differences between species. Thus, species interactions are here assumed to be neutral (sensu Hubbell 2001) . For ease of presentation, we start by assuming the neutral community experiences zero-sum dynamics (we can relax this assumption without changing the model outcomes; see Discussion: Relaxing the zero-sum assumption); therefore, the number of individuals in the local community (J ) is held constant over time, and birth and death rates are simplified into one term for all species: the individual replacement rate, R. The replacement rate is the probability that individuals in the local community are replaced by individuals chosen randomly from the species pool during one time unit. Following Williams (1943) and consistent with zero-sum dynamics, one unit of area is defined as the area occupied by an individual. Therefore, the number of individuals at any given time is equal to the sampled area (A). At each new time unit (T ), the number of individuals added to the sample is the product of the number of individuals in the sampled area, A, and the replacement rate, R, and if the first sampled individual is defined to occur at A ¼ 1, T ¼ 1, then the cumulative number of individuals sampled through time after the first sampling is equal to AR(T À 1). Therefore, the total number of individuals sampled for a given area and temporal duration is given by
From these assumptions we derive the sampling model for the expected number of species.
Model derivation
The expected number of species for J randomly sampled individuals is equal to 1 minus the probability that no individuals of species i are present in the sample summed over all the species in the species pool (S P ):
where p is a vector of length S P that represents the relative abundance distribution (RAD) of the species pool. After substitution of Eq. 1 into Eq. 2 the expected number of species is
To characterize the relative increase in richness as a function of area and time for the sampling-based STAR (Eq. 3), we also derived formulas for the partial derivatives of the natural logarithm (ln) of the expected richness (referred to as S E for brevity) as a function of ln(area) and ln(time), z E and w E , respectively (see Appendix A). We used the subscript E to indicate that that these are the expected values derived from the sampling effect model (Eq. 3):
The relationship between z E and w E is a linear function:
March 2009 837 STAR: MODELING THE SAMPLING EFFECT and thus when R ¼ 1.0, z E ¼ w E . Eqs. 4 and 5 describe the independent influence of area and time on the accumulation of richness, but the equations also demonstrate that area and time cannot be decoupled. To quantify the interdependence between area and time on richness we calculated the second-order partial derivative of log (richness) with respect to ln(area) and ln(time) together (see Appendix B), resulting in the following equation:
The mathematical basis of Eq. 7 is identical to the fitted interaction parameter u in the ''full model'' of Adler et al. (2005) (i.e., both u and u E are equal to ] 2 ln S E / (] ln A] ln T ). Therefore, we will refer to u E using the term applied by Adler et al. (2005) , the time-by-area interaction. There are two important differences between u and u E : (1) u is a single fitted parameter and u E is a continuous function, and (2) u is a statistically estimated interaction and u E is a mathematically exact numerical interaction.
Eq. 3 is conceptually a neutral model, not to be confused with the unified neutral theory (UNT; Hubbell 2001) . Unlike the UNT, here we are sampling from an infinite metacommunity with no dynamics in abundance, speciation, or extinction. However, like the UNT, biological interactions between individuals are assumed to be neutral and of no consequence except for the imposition of zero-sum dynamics. We do not expect many real communities to follow this relationship, but we seek to determine whether its qualitative behavior can reveal whether a sampling effect is a reasonable explanation for fine-scale STARs. See the Supplement for the computer code to run our models in R version 2.6.2 (R Developmental Core Team 2008).
Model parameters
We do not attempt here to estimate or constrain the parameters of the sampling model based on our empirical data set from a tallgrass prairie, and therefore our model should not be considered a null model in this analysis. The clonal nature of many plants in our study system cause estimates of abundance such as visual cover and stem counts to become decoupled from numbers of individuals. Furthermore, extrapolating from a series of observed plots to the relative abundance distribution of the entire species pool (which has an unknown spatial extent) is problematic (Bunge and Fitzpatrick 1993 , Palmer 1995 , Gotelli and Colwell 2001 , Brose et al. 2003 ). Here we assume an a priori RAD of the species pool, random sampling of individuals from the species pool. We then compare the qualitative behavior of our neutral model to our empirical STARs.
We calculated expectations for the neutral sampling model using a wide range of parameters. Preliminary results (not shown) were qualitatively robust to the size of the species pool, so we simply set the species pool to 800, which is slightly larger than the number of recorded vascular plants at our study site (Palmer 2007b ). However, we recognize that the species pool may greatly exceed 800. We varied area and time from 1 to 16 384 by successive doublings of scale and set the replacement rate (R) at five values: 0.00, 0.01, 0.10, 0.50, and 1.00. We generated nine RADs for the species pool, which differed dramatically in evenness (following Siegel and German 1982) , to investigate the influence that the relative abundance distribution (RAD) of the species pool had on the neutral STARs. One distribution was uniform (even), three distributions were lognormally distributed [LOGN(l, r)] with three levels of standard deviation (r ¼ 1, 2, and 4), the other distributions included the geometric (k ¼ 0.9), broken stick, Zipf (c ¼ 1.3), Zipf-Mandelbrot (c ¼ 1.3, b ¼ 100) RADs (see Wilson [1991] for details on these RADs), and the uneven. The uneven distribution had almost complete dominance in which one species had probability of 0.99 and the remaining 0.01 was distributed evenly among the other S p À 1 species (Table 1 ; Appendix C, Fig. C1 ). We considered many different RADs for the species pool because we have no a priori reason to prefer one model over the other for the entire species pool. Our interest is primarily in documenting the variability in the expectations of the model. We varied the standard deviation of the lognormal because this provided a straightforward method for decreasing the evenness of an assemblage.
Model results
The neutral STAR displayed a large range of variation in response to the replacement rate (R) and to different RADs; however, there were some important generalizations that emerged. The SAR and STR generated with the broken stick, Zipf, and ZipfMandelbrot RADs were qualitatively similar to the results of the LOGN(0, 1) RAD under the chosen parameters. To avoid redundancy, we will not discuss or display the results of these four RADs in this section. (Fig. 2) . This is because the majority of the species were very rare (median p i ¼ 5.254 3 10
À20
; Appendix C, Fig. C1 ), which caused the SAR and STR to be constrained below the asymptote of the species pool. As expected from Eq. 6, the SAR and the STR were identical when R ¼ 1.0 FIG. 1. The species-area relationship (SAR) and the species-time relationship (STR) calculated with the sampling model (Eq. 3). The evenness in the assemblage was high (LOGN(0, 1), E ¼ 0.93), and the replacement rate (R) was at one of five levels: 0.00, 0.01, 0.10, 0.50, or 1.00. For each curve the species pool (S p ) was set to 800, and points were calculated from 1 to 16 384 by successive doublings of scale. The size of the species pool is indicated as the horizontal dashed line, and the arrows on the right margin indicate the influence of increasing the scale on the relationships. Note that different bases of the logarithmic transformation result in identically shaped curves. because area and time were varied at equal intervals and with this parameterization the scaling of species richness is equal in space and time (i.e., z E ¼ w E ); however, we did not expect the SAR and STR to display such similar patterns when R was as low as 0.50 (Fig. 1) . As expected, when R ¼ 0 the SAR and the STR were completely independent because there was no accumulation of species through time.
The time-by-area interaction, u E , displayed a range of values [À0.41, 0.25] and was only zero in special cases (Fig. 3) . In Fig. 3 we display only a subset of the parameterizations for clarity, but in Appendix C there is a more thorough comparison (Fig. C4) . Positive values of u E resulted when evenness was low at relatively small scales. A positive time-by-area interaction means the SARs diverge from one another as the temporal scale   FIG. 3 . The time-by-area interaction (u E ) as a function of log richness (S E ) for three values of R (columns) and the five relative abundance distributions (RADs; rows). Each curve was generated by holding area constant at three different values (see key) and varying time. The dotted horizontal line indicates zero, and the dashed vertical line indicates the size of the species pool (S P ). Positive values of u E were only observed at small scales under low evenness. The most negative values of u E were observed near the species pool, and when richness finally reached the species pool (or in the case of the geometric RAD the probability of a new species became extremely small) u E was forced to zero. Similar results occur when time instead of area is fixed.
increases and equivalently the STRs diverge as the spatial scale increases (e.g., at small scales for uneven RAD; see Fig. 2 ). As the SARs and STRs converged towards the species pool (or asymptote of the model), z E and w E decreased, which resulted (as one may expect) in predominately negative time-by-area interactions. Negative time-by-area interactions were also observed in the geometric RAD when the expected number of individuals was well below the size of the species pool because this RAD had a high degree of rarity. Negative values were more commonly observed across the range of parameterizations we chose (Fig. 3) . When the expected richness finally saturated at the size of the species pool, z E and w E became fixed at zero and therefore u E was also forced to go to zero (see Eq. 7 and Fig. 3 ). The time-byarea interaction was also zero when the replacement rate was zero because there was no accumulation of species through time; the SARs and the STRs were therefore parallel.
EMPIRICAL PATTERNS
Study site
Vegetation data were collected at The Nature Conservancy's Tallgrass Prairie Preserve (TGPP), a 15 410 ha site located between 36.738 and 36.908 N latitude and between 96.328 and 96.498 W longitude, in Osage County, Oklahoma, USA (see Plate 1).. The preserve is located at the southern terminus of the Flint Hills ecoregion and has experienced cattle grazing for much of the 19th and 20th century. In 1993, freely ranging bison were also introduced and a system of randomized burning was implemented (Hamilton 1996 , Palmer et al. 2000b , Palmer 2007b ).
Data collection
In 1998, 20 100-m 2 square quadrats were selected randomly for annual resampling from a Universal Transverse Mercator (UTM) grid of permanent plots with the criteria that they do not contain .20% woody cover, standing water, or rock cover. The presence of all vascular plants were recorded at five nested scales (0.01, 0.1, 1.0, 10, and 100 m 2 ) in each corner of each quadrat for 10 years every June (Fig. 4) .
Empirical analysis
A temporal moving-window approach (Adler et al. 2005 ) was used to construct the empirical STAR in which the species richness at each spatial scale was calculated for every possible one-year time span, then calculated for every two-year time span, and so on to a time span of 10 years. The richness values were then averaged across the four corners of each quadrat and across all 20 quadrats for each time span-area combination. Our method of data collection and analysis are equivalent to what Carey et al. (2007) referred to as nested and complete-nested designs for the SAR and STR, respectively.
Empirical results
The empirical SAR and the STR displayed strong patterns of scale dependence (Fig. 5) . The rate of change of log richness decreased as log area increased, resulting in a concave-down SAR. The STR appeared more linear in log-log space; however, closer examination of the rates of change in log richness as a function of time (not shown) indicated that the STR was also concave-down, although not as extremely as the SAR. More relevant to the characterization of the empirical STAR was the observation that the slope of the SAR decreased as the temporal duration increased and equivalently the slope of the STR decreased as the spatial scale was increased. In other words, there was a strong negative time-by-area interaction.
Difficulties in estimating the RAD of the species pool, plus other key parameters, preclude us from making rigorous quantitative comparisons between our model and our empirical system. It is important to note that the units of time and space in our sampling model are not arbitrary because they are defined on the basis of R and individual size, respectively (i.e., individual size equals one unit of area). It may be possible in some ecological systems to choose a spatial unit that is defined on the basis of average individual size and a temporal scale that corresponds to individual temporal turnover; however, for most grassland systems (with large variation in body size, clonality, unknown longevities, and unknown spatial scale of the species pool) this remains problematic.
DISCUSSION
Our objective was to investigate the sampling phase of the STAR with a neutral sampling model and to qualitatively compare our model with empirical data. The sampling model indicated that a neutral, zero-sum sampling process is a simple mechanism by which the SAR and the STR can be linked. Furthermore, area and 
Spatial and temporal scale dependence
The empirical and neutral SAR and STR both displayed systematic patterns of spatial and temporal scale dependence, respectively. Although scale dependence is not considered in the most common models of the SAR and STR (the power and exponential models), the scale-dependent behavior we observed was not unexpected. It is well documented that the slope of the SAR exhibits marked spatial-scale dependence (Shmida and Wilson 1985 , Palmer and White 1994 , Rosenzweig 1995 , Plotkin et al. 2000 , Crawley and Harral 2001 , Fridley et al. 2005 , 2006 , Turner and Tjørve 2005 , Palmer 2007a , and it appears the STR exhibits temporal-scale dependence, although this has not been documented as extensively (Rosenzweig 1998 , White 2007 . The general pattern of spatial-scale dependence of the global log-log SAR (and likely of temporal-scale dependence in the STR) is characterized by a steep slope over fine and broad scales and a shallow slope over intermediate scales. Our study spanned five orders of magnitude in space but only one in time; therefore, we expected the STAR to potentially show more negative spatial-scale dependence than temporal-scale dependence. Negative spatial-and temporal-scale dependence (concave-down curvature) was also observed for the neutral STAR when the species pool or a high degree of rarity exerted a negative influence on the rate of accumulated richness.
The different patterns of scale dependence between the neutral SAR and the neutral STR illustrate that area and time exert nonequivalent sampling effects on accumulated richness. In contrast to previous empirical studies we suggest that the STR is not simply a temporal analogue of the SAR with respect to the sampling effect. This is especially true when the replacement rate in a community falls below ;0.5.
Time-by-area interaction
The third type of scale dependence we observed for both the neutral and empirical STARs was the time-byarea interaction (Figs. 1-3, 5) . The strength and pattern of the time-by-area interaction is the most important quantitative description of the STAR. If the interaction is positive then the curves of the STAR are diverging from one another, and if they are negative then they are FIG. 5 . The empirical species-area relationship (SAR; area in square meters) and the species-time relationship (STR; time in years) for data from the Tallgrass Prairie Preserve (TGPP), Osage County, Oklahoma, USA. The SAR is not as steep as the STR and is distinctly concave-down. Note how the slope of the SAR decreased as the temporal scale increased and the slope of the STR decreased as the spatial scale increased. Only the lowermost and uppermost curves of the SAR and STR are connected with lines to minimize clutter and to draw attention to the change in slope as a function of scale. Comparisons between the SAR and STR should be made only along the ordinate as the exact position along the abscissa depends on an arbitrary choice of measurement units.
converging (to an asymptote for example). If the interaction is zero then the curves of the STAR will be parallel, which indicates that the SAR and STR are independent of one another. Our empirical results as well as our sampling model demonstrated that the interaction can be quite strong and displays systematic patterns of scale dependence.
We stress that the ''interaction'' in the neutral model is a purely numerical interaction, because no interaction between space and time is incorporated in the model. As neutrality can result in both negative and positive interactions, depending on the characteristics of the species pool and the replacement rate, deviations of the time-by-area interaction from zero cannot be used to infer processes of ecological significance within communities alone.
To date all published empirical STARs (including our empirical results) have displayed negative time-by-area interactions (Adler et al. 2005) , and our neutral model indicates that this behavior should be expected a priori if the species pool is finite. Specifically as the SAR or STR approached the species pool in our model, the interaction became increasingly negative until the asymptote was achieved, in which case the interaction was forced to zero. Although in nature asymptotes do not exist for empirical SARs or STRs (Williamson et al. 2001) , in small-scale patterns the rarity of unsampled species will cause accumulation rates to decrease (Palmer and White 1994 , Rosenzweig 1995 , Plotkin et al. 2000 . Thus even though empirical STARs are not strictly asymptotic, one should expect a negative time-by-area interaction if the probability of encountering a new species is quite low and/or decreasing. Regardless of which processes are driving species accumulation (sampling or ecological), the nature of this expectation does not change. Thus, we have established a general a priori expectation that the SAR and STR should not be independent if rarity decreases the relative rate of species accumulation in space or time.
Importance of the RAD of the species pool Our comparison of the nine different RADs for the species pool indicated the choice of model and parameterization of the RAD can lead to dramatically different STARs. This is most clearly illustrated for the geometric RAD, in which the degree of rarity was so severe that the SAR and STR converged well below the size of the species pool ( Fig. 2; Appendix C, Fig. C1 ). It was not entirely unexpected that the broken stick, Zipf, and Zipf-Mandelbrot would generate similar STARs as the lognormal RAD because these distributions had similar slopes and curvature on the rank-log probability plot with the parameterizations we chose (Appendix C, Fig. C1 ). However, it is worth noting that the Zipf and Zipf-Mandelbrot RADs can also give very similar results to the geometric RAD under certain parameterizations (not shown).
Relaxing the zero-sum assumption
In our model of the sampling effect, we assume a fixed number of individuals occupying a fixed area. This assumption can be relaxed if we recognize that the expected number of species is a function of the expected number of individuals. If individuals are distributed in space and time by a stationary process (i.e., the mean and variance of the process do not vary) then the expected cumulative number of individuals will not be altered by variance in the total number of individuals. Therefore, the density (number of individuals per unit area or q, after Hubbell 2001) is a random variable with expectation equal to the average density orq. Each time unit, a constant fraction (R) of the local community is recruited and distributed in space such thatq is not changed. In this sense, R is the long-term mean proportion of the community that ''turns over'' and is replaced by new individuals, even if the actual number of new individuals varies by the time unit. Therefore the new equation for expected number of individuals is J ¼qA þqARðT À 1Þ:
Eq. 8 is very similar to Eq. 1 and could be inserted into Eq. 3 in a similar manner; however, now we are considering that density is a random variable. The replacement rate (R) is no longer the probability that an individual is replaced, but rather it is the fraction of the local community that recruits each generation. The assumption of stationarity does not prohibit the possibility of aggregation or clumping of individuals in space or time, it simply requires that the mean and variance of the process of clumping does not change (Wagner and Fortin 2005) . These changes to our sampling model imply that our results should generally hold for communities with variable (but stationary) population sizes and for communities in which individuals display variable (but stationary) patterns of spatial aggregation as long as the individuals are randomly drawn from the species pool (i.e., species neutrality still holds).
Relevance and future utility of the model Our primary motivation in developing a model of the sampling effect was to generate expectations of the STAR under a set of constraining assumptions. If difficulties in estimating key parameters can be overcome, our model may also provide a null model for the STAR that can be compared to ecological models incorporating non-neutral dynamics and spatial and temporal trends in abundance. Systems in which unique individuals can be identified and monitored over time, such as small mammal communities or annual plant communities, may provide ideal systems for studying the sampling phase of the STAR in the future.
Our model can be viewed as an analytical extension of two previous approaches to modeling aspects of the STAR. A neutral simulation model was used to predict values of mean richness, z and w, and to compare these with estimates from an empirical grassland community (Adler 2004 ). Adler's (2004) simulation model produced realistic-looking SARs and STRs, but it was not able to simultaneously generate reasonable estimates for all the empirical community's terms and it did not consider the time-by-area interaction. Our model is also an extension of a randomization-based null model in which individuals were randomly drawn without replacement from the empirically observed pool until the observed number of individuals for a particular site in a particular year was achieved (Adler et al. 2005 ). This null model implicitly assumed that the replacement rate (R) was equal to one. Adler et al. (2005) found that their sampling model did a poor job of predicting the empirical STAR when compared with multiple regression models. Both of these previous models (like our own model) rely on the assumption of random spatial and temporal structure in individuals (i.e., individuals are independent of one another). Our model extends the Adler (2004) simulation model by explicitly considering the time-by-area interaction in an analytical framework, and it extends the Adler et al. (2005) null model by analytically allowing R to vary from one. Although these are improvements, the assumptions of spatial and temporal homogeneity as well as species neutrality (that all the models require) could be relaxed in future models of the STAR. There have been many successful attempts to incorporate information on spatial aggregation into models of the SAR (e.g., Plotkin et al. 2000 , He and Legendre 2002 , Picard et al. 2004 , and recently White and Gilchrist (2007) also demonstrated that temporal population structure can be incorporated into models of the STR to yield more accurate predictions.
Although the assumptions of our model are necessarily false, it was still able to reproduce patterns that were similar to our data when evenness and the replacement rate were intermediate to high. Furthermore, the particular shapes and attributes of the sampling STAR strongly depend upon the replacement rate and the particular RAD (e.g., lognormal vs. geometric), such that almost any conceivable monotonic SAR or STR can result. Therefore, we cannot rule out the possibility that our empirical patterns are shaped by sampling effects. These findings imply that a sampling effect should be considered a null hypothesis for observed STARs (Adler et al. 2005 , White 2007 ) and that it may be difficult to differentiate a sampling effect from ecological patterns without detailed information on turnover rates, the nature of the RAD, and the number of individuals per unit area. Given these data, analytical and randomization-based null models that incorporate fewer constraining assumptions should aid in differentiating the ecological and sampling effects on the STAR in the future.
Conclusions
We formulated a sampling-based model that yielded a diversity of STARs based on the nature of the species pool and individual replacement rate. Unless the individual replacement rate is equal to one, time and space are not symmetrical. Due to the diversity of outcomes and the difficulty in estimating key parameters, we cannot discount the possibility that the sampling effect structured our empirical STAR. Strong time-by-area interactions are not evidence of ecological drivers of the STAR. Furthermore, the existence of a finite species pool leads to an expectation of negative time-by-area interactions, regardless of the processes shaping the SAR and STR. Lastly, both our simulated and empirical STARs indicated that spatial and temporal scale dependence are fundamental characteristics of fine-scale species accumulation relationships that should be incorporated into future statistical models of the STAR.
